In this paper, stable dual-wavelength generation using a strain technique for a ytterbium-doped fiber laser is successfully demonstrated. A microfiber-based Mach-Zehnder interferometer is inserted into the laser ring cavity and stretched using the xyz translation stage. Four sets of dual-wavelength output lasing are obtained when the strain is applied onto a microfiber. The dual-wavelength output possesses spacing between 7.12 and 11.59 nm, with displacement from 2 to 190 μm from the central wavelength. The obtained side-mode suppression ratio is ∼48 dBm, while the maximum power fluctuation and wavelength shift are less than 0.6 dB and 0.01 nm, respectively. The results demonstrate that this setup generates a stable dual-wavelength laser in the 1 μm region.
INTRODUCTION
Optical fiber for laser, or fiber laser, with its high stability, reliability, thermal resistance, and high beam quality, has attractive applications in sensors, communication, instrument testing, and high-resolution spectroscopy [1] . Recent advancements in optical fiber laser has led to the development of dual-wavelength fiber laser (DWFL) operation, particularly in applications such as microwave photonic filters [1] , microwave carriers [2] , and high bit-rate pulses [3] . Therefore, the operation of DWFL in optical fiber laser is highly beneficial and has naturally gained interest among the optical research communities.
In the last few years, most of the research in DWFL has been designed using an erbium-doped fiber (EDF), emitting output wavelength in the 1550 nm region. The different techniques used such as polarization hole burning [4] , introducing filters [5] , the use of fiber Bragg grating [6] , and many others are highly documented. The more recent development of optical fiber laser is in the 1060 nm region, using ytterbium-doped fiber (YDF) [7] as the gain medium. Despite the growing interest shown in YDF, technical reports focusing on the generation of DWFL using ytterbium as a gain medium is still lacking. Many are concentrated on the use of fiber Bragg grating (FBG) as a wavelength selection filter to generate dual-wavelength output in the 1 μm region [8, 9] . Another report suggested the use of an array waveguide grating (AWG), coupled with an optical channel selector (OSC), to produce a stable dual-wavelength output for the YDF gain medium [10] . Other techniques such as the incorporation of microfiber to generate a dual wavelength by adjusting the polarization controller (PC) were discussed in [11] . In terms of application, the 1 μm source is more suited for use in space optical communications as well as optical coherence tomography [12] , compared with the 1.55 μm source. YDF also has broader spectral range (970-1200 nm) in comparison to EDF, which operates in the C + L band [13] . Hence, it is important to further investigate the application of DWFL in the 1 μm source.
To the best knowledge of the authors, this paper demonstrates for the first time, a simple YDF laser with a microfiber Mach-Zehnder interferometer (MZI) used to generate tunable dual-wavelength lasing by incorporating the strain technique. The advantage of this technique is that, by applying tension or strain on the microfiber, dual wavelength is produced at a precise distance, and the result remains consistent even after repeating it a few times. Therefore, the result is highly accurate and highly repeatable.
EXPERIMENTAL SETUP
The experimental setup of the proposed dual-wavelength generation using microfiber MZI fiber is shown in Fig. 1 . The fiber ring consisted of a 974 nm central wavelength pump laser diode with 600 mW output power (Oclaro Model LC96A74P-20R), connected to 980/1060 nm wavelength division multiplexing (WDM) coupler. One port of the WDM was fusion spliced to a gain medium comprising of a 70 cm ytterbium-doped fiber (YDF) (DF1100 Fibercore) with a peak absorption of 1300 dB/m at 977 nm. Another port was connected to the 90/10 optical coupler (OC). The output of the YDFA was then fusion-spliced to a polarization insensitive isolator, operating at the 1 μm range. The isolator was incorporated into the laser cavity to ensure unidirectional laser ring operation, which, in this case, was in the clockwise direction. The output of the isolator was then connected to the MZI microfiber, which was placed between two THORLABS xyz translation stages (model MBT613/M), and then linked to a 90/10 fused biconical optical coupler. The 10% end of the coupler was then connected to the input of the YOKOGAWA AQ6373 optical spectrum analyzer, with a spectral resolution of 0.02 nm.
The single-mode fiber was tapered using a Vytran GPX-3000 series optical fiber processing workstation. A graphite filament was used as the heating element. It is stable and able to produce intense heat that can be precisely controlled and varied from room temperature up to 3000°C. The taper profile can be set according to desired parameters. In this experiment, the taper waist diameter (W d ) was fixed at 10 μm, the up and down taper lengths (L t ) were both set to 2 mm, while the taper waist length (L w ) was 10 mm. The cross-section overview of the microfiber MZI fiber is shown in Fig. 2 , with light propagation considered from left to right. The heat and pull method was employed during fabrication of the tapered fiber, with the fiber jacket removed at the tapered region. Two areas, each with a length of ∼1 cm, were tapered to the core level and are labeled taper 1 and taper 2. These two sections have the same features as a multimode fiber, due to the large difference between the core and air-refractive index [14] . The average peak-to-peak beating distance, or wavelength spacing Δλ, is the main characteristics of the microfiber MZI. Different tapering parameters, such as length and diameter, will produce different beating effects.
The wavelength spacing Δλ is determined by [15] Δλ λ 2 ∕Δn eff L;
where Δn eff is the effective indices difference between core and cladding, and L is the interferometer length. Beating length L β is determined by [16] Lβ 2π∕Δβ;
where Δβ is the difference of the propagation constant between core and cladding modes. Thus, a smaller diameter or a longer tapered length will result in narrower and shaper peaks. Lasing usually occurs at the interference peaks. Simple adjustment of the polarization, by applying strain on the microfiber using the xyz translation stage in the horizontal direction, will cause lasing to shift to another peak or multiwavelength peak lasing.
RESULTS AND DISCUSSION
Figure 3(a) shows the transmission spectrum of the microfiberbased MZI filter with an unpolarized amplified spontaneous emission (ASE) source and with no microfiber at 175.4 mW. In this experiment, the pump power threshold for the YDF setup was 128.8 mW, which corresponds to a 0.002 mW laser, output, as shown in the inset plot of Fig. 3 . The pump power was then further increased to 208.8 mW in order to obtain better laser performance. The interference pattern, seen clearly in the green plot lines of Fig. 3 , is responsible for the narrow lasing when the ring laser is formed. Lasing usually occurs at the interference peaks, and, by finely controlling the system polarization state, it is possible for the lasing wavelength to switch from one to the other. This will create single-or multiwavelength laser output. In this particular setup, the microfiber was placed between two xyz translation stages, where one stage was held stationary in order to position the microfiber and the other stage shifted the microfiber. As the emission laser lines depend directly upon the spectral transmission peaks produced by the microfiber MZI, it was necessary to shift its spectral pattern in order to change the laser's characteristics. Spectral shifting was performed by adjusting the micrometer driver on the xyz translation stage. The adjustment of the micrometer driver will move the platform stage in the horizontal direction, thus imposing strain on the microfiber. By doing this, continuous adjustment of the birefringence within the ring cavity is possible in order to balance between the gains and losses of the lasing wavelengths. At the initial starting point of 0, a single peak laser at center wavelength of 1030.40 nm with power of −15.34 dBm was achieved.
This particular spectrum is depicted separately in Fig. 4(a) , at a wavelength of 1029.07 nm with a power of −17.59 dBm and a wavelength of 1036.95 nm with a power of −17.66 dBm. The wavelength spacing is about 7.88 nm and the 3 dB linewidth is 0.03 nm, which is due to intracavity birefringence [17] . The micrometer driver was then tuned until the scale reached 350 μm, the maximum fine adjustment possible. Utilizing this simple design of DWFL and a short cavity length of 5 m, a total of four sets of stable dual wavelengths were obtained at displacements of 2, 12, 87, and 190 μm, as shown in Fig. 4(b) , corresponding to dual-wavelength spacing of
The advantage of this proposed setup is twofold: the successful generation of a dual-wavelength laser is obtained within a certain distance using the strain technique, and the results remain consistent even after several repetitions. This was performed by adjusting the micrometer driver scale forward or backward in the range of 0 to 350 μm. Compared with previous works to generate dual wavelengths, by incorporating the microfiber [11] , photonic crystal fiber [18, 19] , HNLF [20] , and multimode fiber (MMF) [21] , it was difficult to generate a dual wavelength at the same central wavelength when the setup was repeated by adjusting the PC in a similar condition. Furthermore, this setup is inexpensive, simple, and produces a more stable output.
All the dual-wavelength sets were tested for their stability over time. Figure 5(a) shows the dual-wavelength output scan for the narrowest line spacing of 7.12 nm, and Fig. 6(a) shows the broadest wavelength spacing of 11.59 nm, obtained from the 190 and 87 μm displacements, respectively. Both wavelengths were scanned for a period of 20 min with intervals of 2 min for each scan, giving a total of 10 iterations. We observe that the maximum power fluctuations shown in Figs. 5(b) and 6(b) were less than 0.6 dBm, while the maximum wavelength shift shown in Figs. 5(c) and 6(c) were less than 0.01 nm. Results shows that the dual-wavelength generation of YDFL was stable over time and experienced limited power fluctuation and wavelength shift. These experiments were carried out at room temperature, and the results proved that the homogeneous broadening effect of YDF has been suppressed to a low level, thus generating a stable lasing output.
CONCLUSION
This paper has detailed a proposed and experimentally demonstrated precisely tunable dual-wavelength fiber laser on ytterbium-doped fiber incorporating a microfiber MZI by strain technique. The observed SMSR of our proposed experiment is 48 dB. We achieved a highly stable set of dual-wavelength output with power fluctuation of ∼0.6 dBm over a period of 20 min and wavelength shift of less than 0.01 nm. By using the strain technique, our setup has the capability to generate a precisely dual-wavelength output spectrum. Moreover, our proposed setup is simple, inexpensive, and offers accuracy in dual-wavelength laser application. The dual-wavelength spacing tuning range for our proposed setup is between 7.12, 7.62, 7.88, and 11.59 nm. The authors of this paper anticipate the findings presented here will spur further developments and applications in this area. 
